E3S Web of Conferences 376, 03024 (2023) https://doi.org/10.1051/e3sconf/202337603024
ERSME-2023

Finite element simulation for microclimate
normalization at the crane operator workplace

Yuriy Bulygin'*, Viktor Maslensky', Ekaterina Shchekina', Denis Ashikhmin', Vadim
Baranichenko', and Aleksander Pavlikov'

'Don State Technical University, 1, Gagarin square, 344003 Rostov-on-Don, Russian Federation

Abstract. The object of the study is the cabins of technological machines,
where an unfavorable microclimate is observed. The method of
mathematical and computer modeling used in the study is relevant and
allows significantly speed up the design process due to the transition from a
large number of field tests to virtual numerical experiments. The adaptation
of the known mathematical models of thermal radiation and a model of a
continuous medium based on the Navier-Stokes and heat transfer equations
to the solution of the problem of determining the thermodynamic parameters
in the cabins of technological machines has been carried out. The
methodology for calculating and selecting the main equipment of the
climatic system of the crane cabins has been clarified based on the developed
finite element 3D models of the cabins. In addition, thermal protection
equipment was used to reduce the load on the climate system. The using of
modeling permit significantly speeds up the design process. Keywords:
metallurgical crane, microclimate, modeling, climate system.

1 Introduction

New possibilities for solving the problem of microclimate normalization, of course, appear
with the development of information and telecommunication technologies, means and
methods of mathematical and computer modeling. Mathematical and computer modeling of
heat and mass transfer and determination of thermodynamic parameters, mobility of air flows
in the cabin of a technological machine is an important stage on the way to designing a
climate system with the ability to control it depending on changing environmental parameters
[1].

The purpose of this study is the developing of the mathematical models of thermal
radiation, gas dynamics and heat and mass transfer, as well as finite element 3D models for
the cab of a metallurgical crane.

To achieve this goal, it is necessary to solve the following tasks:

1. Analysis and systematization of existing methods and techniques for calculating
thermal radiation when exposed to various kinds of heat sources.

2. Experimental studies and physical modeling of heat and mass transfer processes in
order to check the adequacy of mathematical models.
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3. Adaptation of mathematical models of heat and mass transfer processes to the
calculation algorithm and selection of microclimate normalization systems for the cabins of
technological and mobile machines.

4. Proposal of engineering technical solutions through a rational combination of air
conditioning systems and thermal protection means.

The construction of mathematical models for describing ventilation processes is based on
the equations of motion, continuity of the medium, and thermal conductivity. Since the
differential equations of Navier-Stokes and heat transfer do not have an analytically exact
solution, it is proposed to use the finite element method for numerical solutions of model
equations. Quantities such as the coefficients of turbulent viscosity, turbulent exchange and
thermal conductivity are not generally known for turbulent flow. In this regard, to solve the
turbulent flow equation, additional dependencies are required, obtained from various
turbulence models, for example, k-epsilon, k-omega, etc. Various models of thermal
radiation were analyzedsuch as Rosseland, P-1, discrete transfer, surface-to-surface (S2S)
and discrete ordinates (DO). Radiation transfer and surface heating by artificial sources is
well described by the discrete ordinate (DO) radiation model. It covers the entire range of
optical thicknesses and allows solving problems ranging from surface radiation to penetrating
radiation in combustion problems [2-4].

The finite element method is chosen for the numerical solution of equations. It is
implemented in modern ANSY'S software, where CFX and Fluent modules are provided for
studying heat and mass transfer processes in liquids and gases. Non-gray light is simulated
in ANSYS Fluent using a gray bar model.

2 Mathematical model of the thermodynamics of the crane cab
(forklift)

To calculate the thermodynamic parameters of the air inside the cabins of technological
machines, the discrete ordinate (DO) radiation model was adapted. The model treats the
directional radiation transfer equation (RTE) as a field equation:

V-G + (a+09) 1ED) = an? 70+ 2 1@ 9w (3-8 e, (1)

where T is the position vector, § is the direction vector, § is the vector of the direction of

scattering, s is the path length, a is the gas absorption coefficient, n is the refractive index of

the medium, o, is the scattering coefficient, ¢ is the Stefan-Boltzmann constant (¢ = 5,67 -

1078W - m™2 - K™*), I is the radiation intensity, T is the local gas temperature, \V is the phase

function, Q' is the solid angle, (a + o) is the optical thickness or opacity of the medium.
The total intensity I(7, ) in each direction S at position 7 is calculated as:

I(7,3) = Zi [, (F, ANy, 2)

where the summation occurs over the wavelength ranges [2, 5, 6].

The boundary conditions for the non-gray DO model are applied on a bandwidth basis.
In-strip processing is the same as for the gray DO model. The connection between energy
and radiation intensities in a cell (COMET) accelerates the convergence of a finite volume
scheme for radiative heat transfer. This method results in a significant improvement in
convergence for conditions involving optical thicknesses greater than 10. These conditions
are usually found in glass melting installations, which are close to the considered
technological processes.
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3 Mathematical model of thermogasdynamics for the mobile
machine cab

The initial equations are the well-known system of Navier-Stokes and turbulent heat transfer
equations, as well as boundary conditions. The turbulent movement of air flows inside the
cabins of construction cranes was simulated using the Shear-Stress Transport (SST) k-o
turbulence model. The model is designed to effectively combine a robust and accurate near-
wall k- model with a k-¢ free flow far-field model.

The SST k-® model has a structure similar to the standard k- model:

a a a [~ ok

5 (PK) + P (pku;) = o (Gk a_xj) + G — Y+ S 3)
a P 0 ([~ oo
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In equations (3) and (4), Gy is the production of kinetic energy of turbulence and is
determined in the same way as in the standard k-¢ model, G,, is the generation of ®, which
can be calculated in the same way as in the standard k-o model. G, and G,, are the effective
diffusion capacity k and o, Yy and Y, are the dissipation capacity k and o due to turbulence,
D,, is the cross-diffusion condition, Sy and S, are the determined initial conditions. Turbulent
heat transfer can be modeled using the concept of Reynolds analogy with turbulent
momentum transfer [7-11].

4 Constructions of three-dimensional models of cabins

Three-dimensional 3D models of the cabins of the metallurgical crane and the UAL forklift
truck and the sources of thermal radiation affecting them of the DSP (arc furnace) section of
the electric steel plant of Pjsc Tagmet were created.

First, the heat flow on the surfaces of the cab was calculated, and then the parameters of
the microclimate in its internal volume, where the operator's workplace is located, were
determined. The boundary conditions of the models of thermal exposure were set by the
temperatures of the sources. The sizes of radiation sources and objects of irradiation and their
relative position were taken into account. The calculated heat fluxes on the outer surfaces of
the walls, the ambient air temperature and the heat transfer coefficients were set when
calculating the temperature fields inside the cabins of technological machines as boundary
conditions. Since a large gradient of fields is assumed in the region of the walls, the
construction of wall layers was a mandatory requirement. The computational mesh of finite
elements was represented by cells in the form of tetrahedrons. The problem was solved in a
static setting. The outside air temperature was set equal to 45 °C. Solar radiation was received
in the form of a heat flux from the sun (800 W/m?) directed at an angle of 45 °C to the cab
[3, 12-14].

5 The results of calculating thermal radiation, temperatures on
the surfaces of walls and in the internal volume of the cabins of
technological machines

The calculations were carried out for a metallurgical crane and a forklift with different
options for the operation of heat sources. Figure 1 shows the walls of the cabin facing the
furnace; you can observe the maximum heat fluxes occurring on the floor of the crane cabin.
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In the case when, according to the conditions of the technological process, the roof of the
DSP-150 furnace is closed, the values of heat radiation from the walls of the crane cabin are
significantly reduced. Also, the temperature fields were calculated near the railings of the
cabins of the metallurgical crane (Fig. 2a) and the auto-loader (Fig. 2b). The air temperatures
near the outer surfaces, which were 36.5 °C for a metallurgical crane and 54.4 °C for a
forklift, in turn, are the boundary conditions for further calculation of the air temperature in
the interior of the cabins. The calculation results show that the walls of the cabs facing the
heat sources are exposed to the maximum heat radiation, it is the floor, front and right for a
metallurgical crane and front and top for a forklift. In this case, the maximum relative error
of the engineering method of calculation in comparison with modeling is 34 % [12, 15, 16].
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Fig. 1. Radiation source (DSP-150) with an open roof of the furnace (a) and irradiated surfaces of the
cab of the metallurgical crane (b).

The amount of irradiation of the outer surfaces of the crane cabin exceeds the sanitary
and hygienic standard by 6.1-12.0 times, for a forklift the excess is 20.9-30.3 times. In the
internal volume of the cabins of technological machines, the air temperature is 42.8 °C and
51.2 °C for a metallurgical crane and a forklift, respectively, which significantly exceeds the
sanitary and hygienic standard.

Comparison of the experimentally obtained temperatures of the equipment surfaces in the
DSP (arc furnace) section (obtained by the factory laboratory within the framework of
Special Assessment of Working Conditions) and the temperatures calculated in ANSYS
FluidFlow (CFX) showes that the values of the relative error did not exceed 5 % [15, 17, 18].

ANSYS == ANSYS

2020 R1 2020 R2
ACADEMIC ACADEMIC

Fig. 2. Temperature fields near the fences of the cabins of the metallurgical crane and the auto-loader:
1 is DSP-150, 2 is a cabin, 3 is a cabin, 4 is the flame reflective furnace.
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6 Discussions and suggestions

On the basis of the developed finite element 3D models of the cabins, the methodology for
calculating and selecting the main equipment for the climatic system of the crane cabins was
refined. Thermal protection elements were also calculated to reduce the load on the climate
system. At the same time, when using the method of thermal irradiation diagrams, a decrease
in the heat flux by a heat-reflecting screen or double glazing is calculated taking into account
the reduced emissivity. The results of evaluating the effectiveness of the elements of thermal
protection of the cab of a metallurgical crane are shown in Fig. 3.
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Fig. 3. Reduction of thermal radiation and temperature: a with the heat-reflecting screen, b with the
double glazing with an air gap. 1 is the radiation source, 2 is the screen, 3, 5 are the first and second
row of glasses, 4 is air gap.

Thus, an aluminium screen with a thickness of 0.003 m, installed on the outer surface of
the floor and the right wall of the metallurgical crane cabin, will reduce the level of thermal
radiation to 119 and 67 W/m?, respectively (14.3 times) due to the low emissivity of
aluminium (g = 0.07). At the same time, the temperature behind the screen will reach 32.4
°C, which is 4.1 °C lower than the temperature of the outer surface of the floor and the right
wall of the cab before the installation of the heat-reflecting screen. After replacing the front
single glazing with a double one, with a thickness of each glass of 0.003 m, with an air gap
of 0.02 m thick, the heat irradiance decreased slightly (1.6 times) and amounted to 896
W/m?2.0n the other hand, due to the low thermal conductivity of glass and air, the temperature
on the surface of the second row of glasses can be reduced by 9.5 °C. As a result, after the
introduction of thermal protection elements, the heat flow through the enclosing surfaces of
the metallurgical crane cabin will decrease by 1.6 times. The heat gain from heat sources in
the steel-making shop will decrease by 2.1 times. This will eliminate undue stress on the
projected climate system. Thus, the total heat input into the cab of the metallurgical crane
will be 3229 W [12, 19, 20].
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7 Conclusion

1.

The presented model of thermal radiation takes into account, along with the geometry of

the cabin and radiation sources, heat exchange by radiation, as well as heat transfer to air by
convection and thermal conductivity.

2. The model of a continuous medium, based on the Navier-Stokes and heat transfer
equations, uses turbulence models, boundary conditions set explicitly by heat transfer
coefficients, external temperature and solar radiation.

3. Finite element 3D models have been developed, using the example of the cab of a
metallurgical crane and a forklift.

4. The methodology for the selection of equipment for the climatic system, adapted to the
technical characteristics of the equipment of the suppliers and the conditions of the protocol
tests carried out by them, is proposed.
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